Human activities including those in crop gene banks are subject to errors, especially during seed multiplication and maintenance of seed germination. Therefore, the most serious problem of gene banks is authenticity of the accessions and their genotypic purity. There are many methods for determining the identity of varieties, but comparisons between current data and past records are not easy since the latter are often missing. Breeding barley resistant to powdery mildew caused by Blumeria graminis f. sp. hordei (Bgh) was traditionally based on incorporating major genes into new varieties and the results have been published. Our goal was to identify resistance genes to powdery mildew in accessions of the Czech spring barley core collection and compare these data with earlier information to establish the authenticity of the accessions. Two hundred and twenty-three accessions of the collection including 665 single plant progenies were tested. Sixty-four selected reference isolates of Bgh representing the world diversity of the pathogen were used for resistance tests. Twenty-two known resistance genes were postulated either separately or in combinations. In the collection, 151 homogeneous accessions were found, but the resistances of nine of them were inconsistent with published data and in 12 accessions their authenticity is doubtful. The remaining 72 accessions were heterogeneous and comprised 176 resistance genotypes, 54 of which were probably mechanical admixtures of other varieties. There are several pathogens of cereals, e.g. rusts and mildews, against which many resistance genes in host crops have also been exploited. Knowledge of these resistances can assist in maintaining pure and genuine stocks in gene banks. Seed purity and the authenticity of accessions can subsequently be checked with more advanced methods.
Introduction
Barley (Hordeum vulgare L.) is one of most important cereal crops in the world. Genetic resistance in cultivated plant species plays an essential part in disease management and plant PLOS ONE | https://doi.org/10.1371/journal.pone.0208719 December 7, 2018 1 / 17 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
genetic resources are key to improving crops. Gene banks contain vast collections of varieties, but there are often groups of similar genotypes. Therefore, model collections, so-called core collections, have been created [1] [2] [3] , which should provide as much genetic diversity as possible in a limited number of genotypes. Human activity can result in errors and in gene banks these can cause problems relating to seed multiplication when each reproductive cycle comprises several operations where genotype contamination can occur especially after repeated cycles. To counter such errors gene banks implement standardized procedures, but in the past such procedures were not sufficiently elaborated and even with these techniques errors are still possible.
Varieties deposited in gene banks are mostly used for research and breeding and any genotype contamination creates more work for investigators; unintentional use of admixtures or misnamed varieties compromises the results [4, 5] . Hence, the authenticity and genotypic purity of accessions in gene banks is essential. There are many methods available for determining varietal identity [6] [7] [8] , including sequencing methods [9, 10] . However, such refined methods may create more confusion if they are used on unverified varieties.
Powdery mildew, caused by the fungus Blumeria graminis (D.C.) Golovin ex Speer f. sp. hordei Em. Marchal (Bgh), is a worldwide disease that can cause frequent epidemics of barley particularly in Central Europe [11] . To combat this, genetic resistance is an efficient and environmentally acceptable way of limiting its effect on yield and quality.
Breeding barley resistant to mildew, particularly in Europe, was traditionally based on major genes. The sources of resistance were at first landraces [12] [13] [14] , but were later superseded by wild barley (Hordeum vulgare subsp. spontaneum) obtained from its centre of diversity [15] . The utilization of resistance genes in breeding has been closely monitored [16] [17] [18] , summarized [19] and subsequently updated [20, 21] . With the change in gene bank personnel and management it is now opportune to reconsider the current state of stored accessions.
Our goal was, therefore, i) to check the homogeneity of accessions included in the Czech core collection of spring barley regarding major resistance genes to powdery mildew, ii) to identify resistance genes to powdery mildew in the accessions, and iii) based on previously published resistance data, to verify the authenticity of the accessions and, in the case of any inconsistencies, to identify those accessions of doubtful authenticity.
Materials and methods

Plant material and pathogen isolates
We tested all 223 accessions of the Czech spring barley core collection including 665 single plant progenies. For resistance tests we used 64 selected reference isolates of Bgh from our gene bank of the pathogen collected in 12 countries in all non-polar continents over a period of 63 years which represent the world diversity of the pathogen (S1 Table) . Before inoculation we checked isolates for their purity, verified the correct pathogenicity phenotype on standard barley lines [22] and multiplied on leaf segments of susceptible variety Stirling [23] .
Testing procedure
We sowed about 60 seeds of each accession in two pots (80 mm diameter) filled with a garden peat substrate and placed them in a mildew-proof greenhouse under natural daylight. Then we cut leaf segments 15 mm long from the central part of healthy fully-expanded primary leaves when second leaves were emerging. We placed three segments adjacent to each other along with four segments of the susceptible Stirling oriented diagonally and with adaxial surfaces facing upward in a 150 mm Petri dish on water agar (0.8%) containing benzimidazole (40 mg -L )-a leaf senescence inhibitor. For testing single plant progenies, we planted seed from one spike in a pot and used a leaf segment from each.
For isolate inoculation, we used a cylindrical metal settling tower of 150 mm diameter and 415 mm in height and we placed a dish with leaf segments at the bottom of the tower. We shook conidia of each isolate from a leaf segment of the susceptible variety with fully developed pathogen colonies onto a square piece (40 x 40 mm) of black paper to visually estimate the amount of inoculum deposited. Then we rolled the paper to form a blowpipe and we blew conidia of an isolate through a side hole of 13 mm diameter in the upper part of the settling tower over the Petri dish at a concentration of ca. 8 conidia mm -2 . The dishes with inoculated leaf segments were incubated at 18±2˚C under artificial light (cool-white fluorescent lamps providing 12 h light at 30±5 μmol m -2 s -1
).
Evaluation
Eight days after inoculation, we scored response types (RT = phenotype of barley variety x pathogen isolate interaction) on the central part of the adaxial side of leaf segments on a scale 0-4, where 0 = no visible mycelium or sporulation, and 4 = strong mycelial growth and sporulation on the leaf segment [17] . An RT0(3) representing RT0 with presence of a few mildew colonies was added [24] ; generally, RTs 0-3 and 0(3) were considered resistant, but a typical RT of each resistance gene was also taken into account. We tested each accession with a minimum of two replications. If there were significant differences in RTs between replications, we carried out additional tests. A set of 64 RTs provided a response type array (RTA) for each accession. Based on the gene-for-gene model [25] , we postulated the resistance genes in accessions by comparing the RTAs with previously determined RTAs of standard barley genotypes possessing known resistance genes.
Assessment of results
The authenticity of genotypes was assessed by comparing the results of their resistance recorded in this project with published data obtained around the time of registration of commercial varieties. The basic source of information was a catalogue containing information on the registration of these mostly European varieties [19] . In addition, information relating to their pedigree and the year of their registration or the acquisition date by the gene bank was used.
Results
First tests of 223 spring barley accessions showed that 90 of them had pure seed and were homogeneous. For each of the remaining 133 heterogeneous accessions we harvested five single plants and 665 progenies were re-tested. In 61 varieties, all five progenies had identical RTAs, although in the original accessions they were heterogeneous. In the remaining 72 sets different RTAs were found, which represented 176 genotypes. In 45 sets we detected two different genotypes, in 22 sets three and in 5 sets four genotypes. There were 327 accession × powdery mildew resistance genotypes in the core collection (Table 1) . In total there were 63 RTAs (excluding 27 RTAs that had unknown resistances) and 13 isolates were sufficient to separate them (S2 Table) . Twenty-two known Ml resistance genes (a1, a3, a6, a7, a8, a9, a12, a13, Ab, at, g, h, He2, Ch, IM9, k1, La, Lo, mlo, p1, ra and Ru2), occurring either separately or in combinations were identified. Among the most frequent resistance genes found in 327 genotypes were Mla8 (in 99 genotypes) and Mlg (in 75 genotypes); 43 genotypes contained no resistance genes (= none). We also observed a higher frequencies of Ml genes La (32), He2 (29) , Ch (24), a7 (22) , k1 (21) and a13 (20) . The total frequency of the known genes determined in all 327 genotypes was 406. In addition, in 27 of these genotypes we noted an unknown resistance combined with at least one (18 cases) and, in three cases, two known resistance genes. In some genotypes, we detected "additional" Ml genes closely linked to alleles of the Mla locus (aAl2, a14, aEm2, etc.). Such genes are not shown and discussed further because in most of the remaining genotypes that were expected to contain "additional" genes, this could not be conclusively established. All 327 genotypes were divided into five categories, of which the first category (a) includes the genotypes whose identified resistance was consistent with published data (97 genotypes). The second category (b) of 109 genotypes were those whose determined resistance is consistent with the resistance of the given variety (e.g. 'none' resistance gene or Mla8 in the case of the older varieties), and those for which there were no data challenging their identity. The third category (c) is represented by 30 genotypes for which there are no previous published data. The fourth category (d) includes 28 genotypes where there are doubts about their authenticity, and the fifth category (e) comprises 63 genotypes whose resistance is inconsistent with published data.
Among 223 accessions of the collection, we found 151 homogeneous accessions, but the resistance of nine of them was inconsistent with published data, and 12 of those remaining have doubtful authenticity. In 72 heterogeneous accessions represented by 176 accession × powdery mildew resistance genotypes, 54 genotypes had a resistance that is inconsistent with published data. These have clearly resulted from mechanical admixtures. Regarding the other 16 heterogeneous genotypes there are doubts as to their authenticity.
Discussion
The first European commercial variety of spring barley intentionally bred for the incorporation of a mildew resistance (Mlg), was the German variety Union registered in 1955 [18] . Union was followed by varieties possessing other specific resistance genes of which there are now several dozens. These are present either singly or in combinations [19, 26] and have influenced the composition and increased complexity of the Central European population of the pathogen [27, 28] . In 1979 the first commercial variety (Atem) with the mlo non-specific resistance gene was registered [29] and this resistance has become dominant in spring barley varieties [21, 26] . Thus, barley resistance to powdery mildew conditioned by many major genes is highly diverse with a progressive utilisation of individual genes in commercial varieties that has been extensively reported.
Discrepancies among homogeneous accessions
In Triple Awn Lemma, MlCh was found, which is completely ineffective except against one isolate that we used, while Nover and Lehmann [30] recorded high resistance in this variety conditioned by a combination of the Mla9 and Mlk1 genes [14] . In Archer, Maskin and Plumage Archer, we identified Mla8, but in the catalogue [19] there is no mention of a resistance gene (= none). The results included in the catalogue are based on the study that focused particularly on the detection of Mla8 [31] . In Vega Abed, Mla13 was uncovered while the catalogue states MlLa, and in Rupee, which is a known source of the Ml genes, a13 (= aRu1), Ru2, aRu3, aRu4, a different unknown resistance was detected. In the Australian variety Malebo, we established the presence of Mla8 and Mlk1, while Dreiseitl and Platz [23] found only Mla8. It is possible that Malebo was composed of two lines, one of which was described in the previous research and the other was the one we investigated. Otra contained Mla7 and MlLa, while this variety was reported as being susceptible in Latvia [32] , and confirmed by Hovmøller et al. [33] . Odesskij 9 is a selection from an unknown variety which was acquired for the gene bank in 1958. The fact that we found both Mlg and MlLa in this variety poses questions about its authenticity as the first known variety with MlLa (Vada) was registered in 1963.
Discrepancies among heterogeneous accessions
We identified 37 heterogeneous accessions with incorrect genotypes. In this report we will focus on six accessions in which none of the genotypes consistently corresponded with previous data. Progenies of Abyssinian 1102 contained three genotypes, but none of them possesses mlo, which is present in the genuine Abyssinian 1102 [29] . Furthermore, mlo is often naturally present only in Ethiopian barleys. In accessions marked as Asse, we found two genotypes, but neither carried Mlg specified in the catalogue. Similarly, two genotypes were uncovered in Emir, neither of which was Mla12, although Emir is known as a source of the latter, and the accepted code of this resistance (Em) was derived from this variety. Moreover, although in Gerda Mla6 is listed together with Mlg in the catalogue we did not find evidence to confirm this. KM 1192 is the original source of the resistance used for the first time in Kredit after which the resistance is named MlKr [20] . However, in the KM 1192 accession we recorded two different lines (Mla8 and Mla8, MlLa). In Opal (Czech), there were two genotypes (Mla7, MlLa and Mla8), while the original one contained Mla6 and MlLa [20] . Mla8 is present in a number of varieties, for example in Danish Opal [19] .
Identical designation of different varieties
Sarah, which originated from France and was described as an alternative rather than spring type, was lodged in the gene bank in 1974. We obtained no evidence of a resistance gene, which could be supported by the fact that Sarah was selected from Champagner. In England, Mla12 was reported in winter Sarah [34] , and in Germany an unknown resistance was observed possibly in another winter form of Sarah [35] . In Commander, deposited in the gene bank in 1958, Mla8 and another unknown resistance was revealed. In a set of Australian barleys a variety with the same name was studied [23] . However, it was registered much later (2004) and its two lines carried Mlg, MlGa and Mlg, MlLa.
Wong (China) is a known source of the resistance gene that is named after it-MlWo [36] . On the other hand, there are spring and winter varieties also known as Wong and it is not clear which of them is the true source of this gene. Schwarzbach and Fischbeck [18] identified MlWo in two winter varieties, whereas in our tests Wong carried Mlg.
No specific resistance gene was found in either Manchuria or Oderbrucker, which is a selection from Manchuria. In Poland Manchuria was used in the pathogen survey as a susceptible variety [33] . On the other hand, Wiberg [14] states that Manchuria (C.I. 2610) has genes that are identical with those in Algerian (Mla1, Mlat). Therefore, Manchuria that was the subject of our research and in Poland, as well as the Manchuria from which Oderbrucker was selected, differs from the Manchuria studied by Wiberg [14] .
In Esperance No. 227/1960, we detected Mla8, while Brückner [13] and Schwarzbach and Fischbeck [18] 
Anomalies
Adonia. According to the catalogue [19] , Adonia as well as its parents are winter types. We found four genotypes with the following Ml resistance genes: a6, h, ra; p1; p1, at and a12, u. The pedigree of Adonia is Espe × Stamm729 × Vogelsanger Gold × Inka. Schwarzbach and Fischbeck [18] studied Adonia and reported a combination of Mla6 and Mlh. The catalogue mentions the resistance of their three parents (Espe-Mlra, Inka-Mlh and Vogelsanger GoldMla6, Mlh, Mlra). The combination of Ml genes specified for Adonia thus corresponds to the genes carried by two of the parents and is identical to that (Mla6, Mlh, and Mlra) in one of the three characterised genotypes [37] and in one of the four genotypes studied here. However, all these genes occur more frequently in winter rather than spring varieties [38] .
Mlp1, which was present in two Adonia genotypes and two of the three previously described genotypes [37] , is one of the oldest known resistance genes [12] , although its presence in commercial varieties is rare. This gene was also detected in one of the three genotypes of Seljanin (Mlp1, Mla6) whose parent is Adonia (Adonia × Perf × Muronec). We can confirm, therefore, the presence of Mlp1 in both Adonia and its daughter Seljanin. Nevertheless, the question of why the detection or specification of the Adonia line carrying Mlp1 was not mentioned by Schwarzbach and Fischbeck [18] remains open.
Hanna. We recorded the presence of Mlg in Hanna and Binder Abed (a selection from Hanna bred in 1913). Nover and Lehmann [30] also state that Hanna (C.I. 906) contains Mlg. C.I. 906 is a selection from C.I. 34 (Hanna pedigree) which was collected in Austria in 1900 (at that time the Czech Republic was a part of the Austrian empire). Also in Selekcni Hanacky VIII, which is again a selection of the original regional Hana variety (Hanna), three genotypes were found, two of which carry Mlg. However, the catalogue states that Mla8 is in both these varieties.
The name Hanna (Hana) is derived from the name of a fertile region of the Czech Republic (Haná) and traditionally an area where high quality malting barleys have been grown. Therefore, the name has been assigned to several varieties of different crop species including barley. The Hanna carrying the resistance gene that was named after this variety, Mlh [14] , and Heils Hanna carrying Mla8 [36] , after which the code of this resistance (HH) was named, belong to this group.
In 1973 another derivative Hana, in which no resistance gene was recorded [20] , but which could carry Mla8, was registered in the Czech Republic. This Hana was screened by us and we uncovered two genotypes, namely one with Mla8 (which is regarded as genuine) and the other with Mlg, which had not been found in this variety before [20] .
In Hanna, we confirmed the presence of Mlg found in this variety by Nover and Lehmann [30] . We also detected Mlg in selections from Hanna (Hana), namely Binder Abed and Selekcni Hanacky VIII. It seems highly likely that the Hanna we tested did possess Mlg and could be one of the original sources of this gene revealed here.
Nadja and Trumpf. For Nadja, Brown and Jørgensen [19] note the presence of Mla7 and Trumpf is named Triumph with the genes Mla7, MlAb, and MlTr3. We uncovered two genotypes for Nadja together with four genotypes in the Trumpf accession. In each of these varieties there was one genotype carrying Mla7 and in both there was an identical combination of Mla7, Mlk1, and MlLa, which differs from the catalogue data.
Conclusions
The goal of our study of heterogeneous accessions was to identify the resistance(s) contained in these accessions. By examining five individually harvested plants of each accession we reliably established all resistances, but we could not find genotypes that occurred less frequently. This explains why we came across identical resistances in each of the 61 sets of plant progenies of the 133 heterogeneous accessions.
Dreiseitl [39] studied heterogeneous wild barleys (H. vulgare subsp. spontaneum) maintained in the ICARDA gene bank. For each of the 128 accessions five plant progenies were tested. Forty-four accessions were composed of two genotypes, 25 accessions of three genotypes, 10 accessions of four and two accessions comprised five genotypes. A total of 260 genotypes were found, equalling 2.03 genotype per accession. We tested 133 accessions in the same manner and detected 237 genotypes, i.e. 1.78 genotype per accession on average.
Wild barley is well-known for its high resistance diversity [39] [40] [41] [42] [43] and its diversity in the gene bank might have arisen from collecting bulked heterogeneous samples along with outcrossing in the field because of its open flowering nature [44] . It is surprising, therefore, that the value of the average number of genotypes in one accession of the core collection (1.78) was similar to the value in the collection of wild barley (2.03).
The most frequent gene found in 99 genotypes was Mla8, which is detectable only with pathotypes appearing in Japan [45] . The actual frequency of Mla8 must be even higher since only Race 1, which is avirulent to many specific resistance genes including Mlg, was available for its detection. Mla8 is often accompanied by MlHe2-we revealed this combination in 15 genotypes. However, in nine genotypes with MlHe2 we also found Mlg, which masks Mla8. Hence, in these nine genotypes Mlg and MlHe2 could be accompanied by Mla8. The latter gene could also be present in the absence of MlHe2 in some genotypes containing Mlg.
Jørgensen and Jensen [31] studied the presence of Mla8 in 63 European varieties of spring barley bred in the first half of the 20th century and identified Mla8 in 40 of them. In addition, Mla8 occurs frequently in Australian [23] and Chinese varieties [46] and elsewhere. As well as this gene and in the absence of any specific resistance gene (none), older varieties of spring barley may naturally have carried MlHe2 and MlCh, and South Asian barleys [46] possess MlRu2 too (formerly designated as MlBw). The older varieties were often bred by bulk selection from landraces or after cross-breeding and no subsequent selection for undetected resistances. This explains why the existence of two or more genotypes (lines) may not be mechanical admixtures but may be an inherent feature of these varieties. A good example is the domestic landrace Dobrovicky Starocesky, in which there were four genotypes (none, MlCh, Mla8 and Mla8, MlHe2) and all of them could be considered as the original progenies.
Plant progenies used in this research will serve as the basis for multiplying genotypically pure varieties. In the future we will replace accessions that are not genuine, and whose authenticity is in doubt, with well-characterised accessions from other gene banks. We will then test them using similar methods to verify their identity. Accessions with unknown resistances will be subject to further studies.
Our investigation of the core collection has confirmed earlier findings that accessions in gene banks are often contaminated or even confused with other genotypes [4] . In addition, we have demonstrated that identifying barley resistance genes to powdery mildew is an effective although not totally reliable tool that can reveal such errors. To expand our abilities, there are several pathogens of cereals, particularly rusts and mildews, against which many resistance genes in host crops have also been utilized [47] [48] [49] [50] [51] . Knowledge and identification of these genes can lead to the purification of accessions in gene banks. Seed purity and accession authenticity can subsequently be checked by more advanced and less laborious methods. 
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